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ABSTRACT 
Since the super-elastic Nickel-Titanium (NiTi) endodontic files were introduced in the 
late 1980s, NiTi showed enhanced performance in root canal instrumentation when 
compared to stainless steel files. It was reported that NiTi files had a higher tendency to 
break inside root canals compared to stainless steel files, which happened unexpectedly 
and without visible permanent deformation. Therefore, eliminating this problem may 
improve patient care. Recent research tested NiTi files in smooth glass surrogates of 
curved tooth-root canals, demonstrating extended times to file fracture during rotational 
bending at 300 rpm when the files were pre-coated with low-Critical Surface Tension 
silanes. The aim of this research was to evaluate the cutting efficiency and the cyclic 
fatigue of Protaper® endodontic files and EndoSequence® endodontic files when their 
surface character was modified through coating the files with two types of silanes, as 
“dry” lubricants. The first coating was Octadecylsilane (ODS) and the second was (3-
Hepta-fluoroisopropoxy)propylsilane (3-HEPT).  
 Each file type (Protaper® and EndoSequence®) was devided into 3 groups (as 
received, 3-HEPT coated, and ODS coated). A specially designed platform was made to 
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test the cutting efficiency of 120 edodontic files in custom made epoxy resin blocks using 
a universal testing machine (Instron®) and an endodontic motor. The files rotated at 
300rpm and were introduced into the blocks at 10mm/minute. Weight of the blocks was 
measured before and after testing and weight difference was recorded, maximum and 
minimum load that the files were subjected to during testing were measured and load 
difference was recorded. In the second part of this research 72 files were tested for cyclic 
fatigue in a specially designed platform that was built for this purpose. Files were tested 
with water flowing through a bent glass tube to flush away any resulting debris generated 
during testing. Files were rotated inside the tubes at 300rpm. Time to fracture, length of 
broken parts was recorded, and maximum strain amplitudes (MSA) that the files were 
subjected to were calculated. Broken files were examined under scanning electron 
microscope (SEM) to evaluate their broken edges. 
 The results did not show significant difference in the amount of material removed 
(cutting efficiency test) between the silane-coated and uncoated files, this is acceptable 
since the coating was considered a monomolecular layer limited to the surface of the 
files, with no changes to the core properties or the cross section of the files. Results also 
did not show significant difference in the number if cycles to failure or length of broken 
part between the groups. The resulting debris were flushed away with the flowing 
irrigation, removing any benefit that the coatings might have on the files. EndoSequence® 
files broke at lower MSA than Protaper® files, because of the thinner diameter at which 
EndoSequence® files failed. All files that were viewed under SEM showed signs of metal 
abrasion or deformation around the broken edges, suggesting the loss any coating that the 
file might have had on its surface as soon as the metal started to deform. 
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1. Introduction and Background. 
1.1. Root Canal Treatment: 
The goal of dentists has always been to save teeth and improve oral health. Endodontic 
treatment may prevent tooth loss due to caries, traumatic injuries, and other diseases. 
Endodontics is the branch of dentistry that is concerned with morphology, physiology, 
and pathology of the human dental pulp and periradicular tissues 1-3. 
When art and science of root canal treatment were applied, long-term success of 
endodontic treatment was demonstrated by numerous evidence-based dental literatures. 
The success of conventional RCT has been reported to range from 85% to 95% and tooth 
survival rate up to 97% in a period of 4-6 years depending on the criteria used in each 
study 4-6. Longer follow up periods revealed a success rate of 90% after 10 years and 89% 
after 22-27 years 7. 
Two components are required in the practice of endodontics: art and science. The art part 
includes the proper execution of technical procedures during root canal treatment. The 
science part consists of the application of basic and clinical knowledge in relation to 
biological and pathological conditions in endodontics 3. 
Whenever technical procedure errors occur during root canal treatment, the success rate 
might be compromised 8-10.  The occurrence of these technical mishaps can be related to 
insufficiency of endodontic training, anatomical complexity of the root canal system, or 
factors related to the poor clinical properties of the instruments used in the treatment 10. 
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 The internal anatomy of a root canal is highly complex and variable 11. Therefore, 
finding two teeth that are similar is rare, even if it was in the same person. Root canals 
are usually curved in multiple directions; they might divide into smaller canals or exhibit 
irregularities (Figure 1) 1,3. The presence of all these qualities can add to the difficulty of 
enlarging and negotiating the canals during root canal treatment. Thorough knowledge of 
root canal anatomy is very important for the success of root canal treatment 12. 
 
Figure 1: 3D reconstructed image illustrates the complexity of root canal system in a 
maxillary molar 1. 
The clinical endodontic procedure is technique sensitive. It requires opening the pulp 
chamber, cleaning and shaping of the root canals, and sealing them using a biocompatible 
filling material. The primary reason for shaping the canals is to enlarge them, to give the 
disinfecting solution access to the deep areas within the canals. Also, it facilitates the 
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placement of the obturation material 12 (Figure2). 
Shaping the canals is performed by enlarging them in an ordered manner by using larger 
to smaller endodontic files in the crown-down technique or smaller to larger endodontic 
files in the step-back technique (Figure 2). Maintaining the original anatomical shape is 
crucial during the enlargement process 12. 
 
Figure 2: The steps of root canal treatment. 1) Tooth before initiation of treatment. 2) 
Tooth has been accessed. 3) Cleaning and shaping of the canals. Crown-down technique 
is shown in the right canal, while step-back technique is shown in the left canal. 4) Root 
canals have been shaped (enlarged). 5) Root canals have been filled with obturation 
material 13. 
1.2. Procedural Errors During Cleaning and Shaping: 
The most important stage in root canal treatment is probably root canal enlargement; it is 
during this stage that microbial pathogens present in the root canal are removed and the 
canals are disinfected. Technical mishaps during root canal enlargement may prevent 
proper disinfection of the root canal, eventually becoming potential sites for failure. 
Often times, procedural errors that result from inflexibility of endodontic files that are 
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typically made from stainless steel alloy 14,15. Some common procedural errors are listed 
below and illustrated in (Figure 3): 
1- Zipping: 
Zipping is defined as over-enlargement of the root canal along the inner side of the 
curvature in the middle third of the root, and the outer side of the curvature in the apical 
third of the root, which result in an elliptical shaped apex that is difficult to obturate 
(Figure 3b). The resulting change in the original location of the apex can also be called 
transportation. The cause for zipping during root canal treatment is the tendency of the 
instrument to straighten itself in a curved root canal. 
2- Ledge Formation: 
A ledge forms when the original canal cannot be negotiated and patency is lost. The use 
of an inflexible instrument may be the main cause for ledge formation. It is usually found 
on the outer side of the curvature in the root canal. Incidence of ledge formation among 
clinicians is related to clinical experience and degree of curvature of the root canals 16 




Figure 3: Illustration showing some common procedural errors in root canal treatment. 
A) Lateral view of an upper incisor. B) Zipping of the apex. Arrows indicate the areas 
affected by instrument straitening. C) Ledge formation. D) Apical perforation. E) 
Instrument fracture 13.  
 
3- Perforation: 
Perforation is defined as communication between the root canal and external root surface. 
Perforation is usually a consequence of a ledge in the root canal, formed using an 
inflexible instrument during filing the walls of the root canal leading to formation of a 
wrong path (Figures 3d and 4b). Strip perforation occurs on the inner side of a curved 
root canal, as a result of excessive cutting of dentin (Figure 4d). 
4- Instrument Fracture: 
Intracanal instrument separation is mainly caused by structural defect in the instrument 
combined with improper use (Figures 3e and 4c). 
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Figure 4: Periapical radiographs showing some procedural errors. A) Ledge formation. 
B) Apical perforation. C) Separated instrument. D) Strip perforation 15. 
 Many procedural errors can occur during instrumentation with stainless steel files due 
to their inflexibility, especially in tight and curved canals 1. The search for more flexible 
instruments or different instrumentation techniques for shaping the root canals was 
necessary to minimize this problem. One of the modifications that aimed to follow the 
shape of a canal by using clockwise a counter clockwise reaming action rather than filing 
was the balanced force technique 17. Newer file designs with different cross sections and 
non-cutting tips were introduced. These attempts were only partially successful due to the 
inherent mechanical properties of the stainless steel alloy 18. The late 1980’s showed a 
promising prospect; the idea of using nickel-titanium superelastic alloy in manufacturing 




1.3. Nickel-Titanium Alloy: 
 The category of shape memory alloys consists of several alloys; nickel-titanium (Ni-Ti) 
is one of them. Shape memory alloys are generally characterized by two major properties; 
super-elasticity and shape memory, which ordinary metals and alloys do not have. These 
alloys have the ability to undergo large deformation and revert back to their original 
shape through either removal of the load, shape memory effect (SME), pseudoelastic 
effect (SE), or heat application (Figures 5 and 6) 20. These properties of shape memory 
alloys are mainly attributed to the ordered crystalline structure between austenite and 
martensite phases, which allows the alloy to undergo martensitic phase deformation as a 
result of temperature or applied stress. 
 
Figure 5: Shape-memory effect of Ni-Ti alloy 21. 
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Figure 6: Super-elastic effect of Ni-Ti alloy 21. 
  Buehler, who was investigating corrosion resistant alloys at the Naval Ordnance 
Laboratory, developed nickel-titanium alloy in the early 1960s 22. The alloy was named 
Nitinol® as an acronym for the elements from which the material was composed. 
  Many advances have been made in the past three decades to understand the 
mechanisms associated with the shape memory and super-elastic effects leading to higher 
quality and more durable materials. These advances have prompted increased interest in 
the use of the material in many fields including aerospace, civil and biomedical 
engineering for a variety of applications. 
 Nickel titanium alloys can have different proportions of Ni and Ti. In this research, the 
concentration will be on the nickel-titanium alloy used in root canal treatment. The 
majority of nickel-titanium files are made of Nitinol alloy that is composed of an 
equiatomic ratio of nickel and titanium, which makes it approximately 55% Ni and 45% 
Ti by weight; hence, the term 55-Nitinol is used 15,21. 
The crystal structure of nickel-titanium alloy may exist in different forms, with distinct 
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phases; each phase shows different mechanical properties. These phases are austenite and 
martensite. 
Austenite phase (A), also called the parent phase, is characterized by a body-centered 
cubic lattice and stability at high temperature and low load stress (Figure 7). Typically, 
endodontic files provided to clinicians are of this phase. 
Martensite phase (M) is characterized by a monoclinic lattice, and is more stable at low 
temperatures and high load stress (Figure 7). 
 
Figure 7: Crystalline structure of austenite and martensite. Small circles represent 
titanium atoms 15. 
1.3.1. Nickel Titanium Endodontic Instruments: 
One of the major technological advancements in endodontics in the 20th century 
happened in 1988, when Walia made the first step towards the introduction of nickel-
titanium instruments 16,19. 
In the beginning of their use, nickel-titanium files were used as hand instruments. It was 
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not until 1991 that rotary (engine driven) nickel-titanium files were introduced 20,23. 
1.3.2. Nickel Titanium Rotary Instruments: 
Machining a nickel-titanium wire, which is very similar to the manufacturing of Ni-Ti 
hand files, is a way to make rotary nickel-titanium files. This statement was true until 
recent innovative techniques allowed the production of nickel-titanium files by wire 
twisting after specific thermal treatments. The use of nickel-titanium rotary files 
gradually replaced hand filing in root canal treatment. 
Rotary nickel-titanium files and nickel-titanium hand files are made from the same alloy 
and share similar advantages over stainless steel files. The use of nickel-titanium hand 
and rotary files allows for canal preparation with fewer procedural errors and better 
conformity to the root canal’s original shape; this is due to their super-elastic property 10. 
Also, nickel-titanium rotary files systems showed better cutting efficiency, less canal 
transportation, and less time to enlarge the canals compared to hand files because they are 
used at higher speeds 24. 
On the other hand, nickel-titanium files are used with a contra-angle hand piece. This 
significantly compromises the tactile sensation of the operator when compared to hand 
files, where the operator directly holds the file. This is one of the reasons why rotary 
systems require more training than hand techniques 25. 
Several research papers demonstrated the advantages of rotary nickel-titanium 
endodontic files. Park26 evaluated the ability of engine-driven nickel-titanium files to 
maintain the original curvature of artificial canals in resin blocks compared to stainless 
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steel hand files. Stainless steel files showed non- tapered widening with more 
enlargements towards the inner side of the curvature and transportation of the canal. On 
the other hand rotary nickel-titanium files prepared the canals with excellent taper 26. 
Glosson et al24 compared root canal preparation among nickel-titanium hand files, nickel-
titanium rotary files and stainless steel files and found that instrumentation with rotary 
nickel-titanium files was significantly faster than hand filing techniques. Also, nickel-
titanium hand files and nickel-titanium rotary files produced less transportation than 
stainless steel hand files 24 . Liu et al27 compared two rotary nickel-titanium systems 
versus stainless steel hand files in terms of maintaining the original shape of the canals 
and time required to complete the treatment in molar teeth. They found that both nickel-
titanium rotary instruments required significantly less time to complete the preparation 
and maintained the original canal shape better than the stainless steel files 27. Regarding 
differences between different nickel-titanium rotary systems, no significant difference 
was noted between different systems in terms of maintaining the shape of the canals and 
quality of preparation 28-30. 
However, there are two major concerns from clinicians who refrain from using rotary 
nickel-titanium files or for those who are using them. The first is intracanal instrument 
fracture and the second is the learning curve that is needed for using them. The second is 
more applicable for clinicians who did not have specific training during dental school 
years and those who were practicing before rotary techniques became available in the 
dental field 25,31. Lack of training can lead to higher incidence of intracanal fractures of 
files. Better understanding of the mechanical properties of nickel-titanium alloy and the 
mechanisms of how nickel-titanium files break can help prevent the problem of intracanal 
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fracture 10,32-34. 
1.3.3. Cutting Potential of Endodontic Instruments: 
Nickel-titanium alloy was developed in the 1960s, initially for military purposes 22, but it 
soon became apparent that NiTi was also useful for other applications, such as 
orthodontic wires and dental burs. K-type root canal files were made of NiTi and tested 
extensively by Serene et al. 35, and the first NiTi rotary files appeared on the market 
around 1993. These early rotary files were designed with cross-sections that did not have 
cutting edges but rather broad radial lands. This is different from the traditional K-file 
that is triangular in cross-section with sharp cutting edges (Figure 8). 
 
Figure 8: Left: Cross section of radial-landed endodontic file. Right: Cross section of 
non-landed endodontic file. 
Not all root canals lend themselves to rotary preparation, due to varying degrees of 
clinician skill and case complexity. Furthermore, rotary files may fracture rather 
unexpectedly or create procedural errors. Therefore, knowledge of several clinical 
“Golden Rules” and basic understanding of metallurgical properties of NiTi rotary files 
are critical for successful use. 
 Several papers evaluated the cutting efficiency of rotary endodontic files, doing 
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experiments on different aspects of the files. Da Silva et.al. 36 evaluated the influence of 
electrochemical polishing on the cyclic fatigue, cutting efficiency and surface topography 
of Miltex nickel-titanium rotary files (Figure 9). Scanning electron microscopy analysis 
showed that polishing the files resulted in less irregular surfaces when compared to new 
files. Electropolished files showed a significantly higher number of cycles to failure than 
new unpolished files. There was no statistically significant difference between the groups 
in relation to the cutting efficiency (t-test, P < 0.05). When the files were polished, they 
kept their integrity for a significantly larger number of cycles until fracture than the new 
files, without compromising cutting efficiency 36.  
 
Figure 9: Apparatus Da Silva et.al. used in the cutting efficiency test. (a) The straight 
glass tube, the metallic stem with the fixed polyvinyl chloride (PVC) plate and the weight 
used to hold it down; (b) the file connected to the contra-angle handpiece and the metallic 
stem that fixed the PVC plate; (c) the file cutting the PVC plate 36. 
 Rapisarda et.al. 37 evaluated the cutting efficiency of nickel-titanium endodontic 
instruments in vitro using endodontic root canal simulators under repeated sterilization 
cycles (Figure 10). They found the files that underwent the most sterilization cycles 
showed significant drop in the cutting efficiency when compared to the unsterilized 
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control group. This was attributed to the increased disruption of the surface chemistry of 
the files. As a result of repeated sterilization, greater amount of titanium oxide are found 
on the surface of the files37. 
 
Figure 10: Dependence of removed mass on usage time is shown for ProFile number 30 
with .04 taper. A) Unsterilized control group. B) Experimental group, after 14 cycles of 
sterilization37. 
1.4. Rotary Nickel Titanium Instrument Fracture: 
Nickel titanium instruments were introduced to facilitate instrumentation of curved 
canals. The concept was that these files can flex far more than stainless steel files before 
exceeding their elastic limits because of their superelastic property 19,35,38. Never the less, 
clinicians experienced a higher tendency of fracture of rotary nickel titanium files 
compared to stainless steel files after few years of usage; these fractures were reported to 
occur unexpectedly and without previous deformation 1,35. Thus, visible inspection of the 
files by the clinicians was not a reliable method for evaluation. 
The exact mechanism of rotary nickel-titanium files failure is difficult to understand, due 
to the complexity of the process by which the files fail. During filing a root canal, rotary 
files are simultaneously subjected to different types of stresses. As they are rotating in 
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curved paths, they are subjected to shear due to friction with the walls as well as to cycles 
of tension and compression. 
Nickel-titanium file failure has been classified into fatigue failure and torsional failure 
based on the absence or presence of plastic deformation respectively 35,38,39. This concept 
was first examined by Sattapan et al. by looking at the lateral side of broken instruments 
at low magnification and the majority of dental literature accepted it (Figure 11) 39. 
However, in recent studies, when higher magnification under scanning electron 
microscopy (SEM) was used to examine the fractured surface, a third type of failure was 
introduced which is a combination of both fatigue and torsion 40,41. 
 
Figure 11: Left: files fractured due to torsional failure. Unwinding and twisting can be 
seen proximal to the point of fracture (arrows). Right: files fractured due to fatigue 
failure. No other defects are visible 39. 
1.4.1. Cyclic Failure: 
Cyclic loading occurs when the file rotates in a curved path, in which the file is subjected 
to cycles of compressive and tensile stresses on the inner and outer curves respectively. 
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Different terms in the literature were used to describe cyclic failure; including cyclic 
fatigue, fatigue failure, flexural failure and rotational bending. They all indicate the type 
of failure, which occurs in parts that are subjected to alternating stresses leading to metal 
fatigue and ultimate fracture (Figure11) 15,38. Cyclic failure occurs usually without visible 
signs of yielding at average stresses below the tensile strength of the nickel-titanium alloy 
31,42. The files are usually subjected to cyclic loading stresses during root canal 
preparation due to the curved nature of root canals. 
File fracture due to fatigue occurs in three stages. In the first stage, a crack is initiated on 
the surface of the file as a result of surface irregularity. The second stage is when the 
crack propagates as the cyclic loading continues. This leads to the third and final stage 
where the file fractures either along the grain boundaries (intergranular) or between 
crystallographic planes (cleavage fracture)31. 
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Figure 12: File in curved canal undergoes compression on the inner curve and tension on 
the outer curve 15. 
1.4.2. Torsional Failure: 
Torsional or shear failure occurs when the tip of the instrument is locked in a canal while 
the shank continues to rotate, exerting enough torque to fracture the tip of the instrument. 
This torque produces shear stresses in the cross-sectional planes of the instrument. Files 
fractured under shear stresses usually show signs of plastic deformation near the 
separated tip (Figure 11)39. 
1.4.3. Fractography: 
Fractography is the examination of fractured surfaces using a microscope. It is a source 
of important information relating to the cause of failure. It provides evidence of the 
loading history, which led to the fracture of the instruments 43.  
! 18!
Fractography of nickel-titanium files is usually performed using microscopic and 
macroscopic examinations. Microscopic examination of a fractured surface using SEM 
provides more information with respect to the type and mechanism of the fracture based 
on its distinguishing features. However, it does not give details about the mechanism of 
fracture 41,44,45. Macroscopic examination of the lateral side of broken files, as shown 
earlier (Figure 11) was suggested to identify failures as cyclic or shear, based on the 
presence or absence of plastic deformation 39. Often times, there is a discrepancy between 
the lateral view at low magnification and fractured surface view at high magnification, as 
reported by Cheung 46. It was reported that some endodontic files that failed due to 
torsion showed no plastic deformation 44. Also, some times files which failed due to 
fatigue showed forms of plastic deformation near the fractured end. It would be less 
accurate to identify the type of fracture by looking only at the lateral surface at low 
magnification. 
Fractography of files failed due to fatigue is a visual presentation of the steps that led to 
fracture. Fatigue failure is initiated by a crack that begins at the surface of the file. The 
presence of one or more cracks, which radiate along different planes away from the point 
of origin, is considered a characteristic feature for this type of failure. As the crack grows 
across the surface, it leaves striation marks behind (Figures 13 and 14). These marks 
appear closer to the area where the crack was initiated. Theoretically, every striation 
represents one cycle of loading, which is equivalent to one complete rotation within the 
canal 43. These features resemble the appearance of brittle fracture and are therefore some 
times referred to as brittle fracture 47. However, since brittle fracture can occur in ductile 
materials when subjected to alternating stresses, it is still considered a ductile fracture 42. 
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As the crack progresses across the bulk of the file, the file progressively becomes weaker 
until it reaches a certain point where the remaining intact part of the file cannot sustain 
the tension and ultimately fails. This remaining area of the file shows a typical dimple 
appearance of ductile fracture. These dimples result from the presence of micro voids 
within the metal, which grow and coalesce, ultimately weakening the metal and leading 
to fracture. Thus, files that fail due to cyclic failure show a mixture of brittle and ductile 
appearances. 
 
Figure 13: SEM photograph of a broken file due to fatigue. Area (S) represents the area 
of crack growth and striation marks (brittle area). Area (D) is the area of dimples (ductile 
area). Large black arrow indicates the origin of crack. Arrowheads points to multiple 
cracks. Small arrows on top and bottom show the crack front line which separates area (a) 
and (b). White arrow represents the direction of fracture growth 13. 
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Figure 14: Fatigue failure. A) A low magnification SEM picture of a broken file. B) A 
high magnification of the crack front (area in box). To the left (S) is striation fatigue area. 
To the right (D) is dimple area. C) High magnification of the striation marks. D) High 
magnification of the dimple area. White arrow represents the direction of fracture 13. 
The shape of the dimples helps in identifying the direction of fracture growth and the 
amount of load applied 43. Typically, high stresses cause deeper dimples and the opposite 
is true. Stresses that cause endodontic file fracture are considered to be low; therefore, 
shallow dimples are usually seen 41,45,48. The shape of the dimples under high 
magnification is oval with an open end. This shape is a result of the direction of the 
stresses applied on the file (Figure 14). Figure 15 illustrates a file in a curved root canal. 
The inner curve is under compression while the outer curve is under tension. A cross 
section of the file at the maximum curvature is illustrated in Figure 16 (dashed area). The 
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tensile stresses on the outer curve cause the growth of voids, coalescence and fracture. As 
fatigue cycles continue, microvoids grow, eventually giving this characteristic 
appearance of the dimples. The dimples appear equi-axed if the specimen is loaded in 
pure tension, but become elongated with an open end if it is placed under tearing or 
shearing stresses, which is the case in canal preparation. The open ends of the dimples 
sides point to the direction in which the fracture progresses. 
 




Figure 16: Formation of elongated dimple under tension 43. 
In torsional failure, the fractography of fractured surfaces shows the appearance of shear 
failure. At the periphery there is a presence of circular markings, which are due to 
abrasion of the opposing surfaces on either side of the fracture. At the center, there is the 
presence of skewed dimples resulting from ductile fracture. Plastic deformation of the 




Figure 17: SEM image of a file failed due to torsion. Open bracket indicates the zone of 
peripheral abrasion marks. Arrow points to the central dimple area. Arrowheads indicate 
a plastically deformed edge 13. 
 
Figure 18: Higher magnification of the central dimple area 13. 
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A fracture that shows both fatigue and shear failures, i.e. cracks and/or striation marks as 
well as abrasion marks, is classified as a combination failure. 
It is important to mention that these fractographic changes described above are based 
principally on laboratory studies. In clinical situations, they might not be visible due to 
abrasion of the fractured surface as the file continues to rotate. 
1.4.4. Nickel-Titanium Instrument Fracture Prevalence and Mode of Failure: 
The incidence of nickel-titanium files failure appears to have a wide range in the dental 
literature, depending upon numerous factors such as: the operators who performed the 
study, the type of instruments, techniques used, methodology used, and other 
uncontrolled variables. However, there has been a discrepancy in the identification of the 
mode of failure between fatigue and torsional failures, based on the type of magnification 
used, microscopic versus macroscopic, and the interpretation of the operators. Since it is 
based on the changes observed on the fractured surfaces, which are not visible in the 
profile of the fractured instruments, microscopic (SEM) magnification has been 
suggested to be the more accurate way of determination. The exact process of files 
fracture is still controversial 46. 
Several clinical studies reported the incidence of nickel-titanium failure to range from 
less than 1% up to 21% 39,40,44-46,49-59. The methods used to calculate these incidents vary 
in technique and therefore may explain this big range. These studies will be categorized 
into 2 groups according to the methodology used (Table 1). 
The first group represents the clinical retrospective studies 51,53,54. This group evaluated 
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teeth for file fracture by examining postoperative radiographs. The tooth was used as a 
statistical unit by these studies. The prevalence of fracture was indicated by the ratio of 
teeth with retained files to the total number of treated teeth. Since the files were not 
collected, type of fracture is not determined in these studies. These studies may give the 
best level of evidence, because the tooth represents the outcome of the RCT. 
Amongst this group, there was a study by Spili et al. involving 5103 cases performed by 
specialists 51. The prevalence of nickel-titanium files fracture was 4.4%, while the 
prevalence of stainless steel files fracture was 0.7%. Iqbal et al. found a lower prevalence 
of fracture rate when they examined 4,865 teeth; 1.7% for nickel-titanium files and 
0.25% for stainless steel files 53. Wolcott et al. performed a cohort study, in which they 
evaluated the prevalence of fracture and the number of uses of nickel -titanium files on 
4,652 treated teeth; the overall instrument fracture rate was 2.4%. It was concluded that 
nickel titanium files can be used safely up to 4 times and that fracture rate increases 
significantly after the fourth use 54. The total fracture rate in this group ranges from 1.7% 
to 4.4%; these rates represent the fracture rates amongst specialists. 
The second group represents retrospective studies that examined discarded files after 
clinical use. The discarded files were collected and then examined for deformation or 
fracture under the microscope. The file was used as a unit in these studies. The 
prevalence of fracture was determined by the ratio of fractured files to the total number of 
discarded files. Under low magnifications, the type of fracture was determined based on 
the criteria made by Sattapan et al. by examining the lateral aspect of the file under low 
magnification. The presence of plastic deformation indicates shear failure while its 
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absence indicates fatigue failure. 
Some studies within this group used SEM to further confirm the type of fracture based on 
examining the changes that occurred on fractured surfaces. The presence of circular 
erosion marks or the absence of fatigue striation and cracks indicate torsional failure, 
while the presence of cracks and fatigue striations indicated fatigue failure. 
The majority of studies in the dental literature belong to this group. The overall rate of 
fracture ranged widely from 1 to 28%. A wide variation was also reported regarding the 
type of fracture; either within different studies or within the same study when high and 
low magnifications were used (Table 1). 
Sattapan et al. examined 378 nickel-titanium files discarded from an endodontic practice, 
where the fracture frequency was found to be 21%. Examination using low magnification 
revealed a higher percentage of torsional failure (55.7%) compared to fatigue failure 
(44.3%) (Figure11). The authors attributed this to using too much apical force during 
instrumentation. A study by Parashos et al. involving 7,159 discarded files of different 
brands from 14 endodontists in four countries showed a fracture frequency of 5%. In this 
study, the fatigue failure was the major type of fracture accounting for 70% of the total 
failures 49. 
Cheung evaluated the prevalence of fatigue and torsional failure under high and low 
magnifications and found a significant difference between the two methods 46,50. Out of 
121 nickel-titanium files, they found 27 files (22.3%) fractured. using low magnification, 
only two files fill under torsional failure category. When the same files were reexamined 
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using SEM, nine files showed signs of torsional failure due to the absence of fatigue 
striations. Fatigue failure was 76% of the total number. In another study involving two 
rotary systems (K3 and ProTaper), the overall failure rate was 4.7% and the majority of 
files failed due to fatigue (78% of K3 and 66% of ProTaper) 40. A study by Spanaki-
Voreadi et al. found that 74% of ProTaper files failed due to fatigue due to the lack of 
plastic deformation. However, only one file showed the characteristic striation marks of 
fatigue under SEM 55. 
The fractography of the files collected after clinical use does not seem to match with the 
findings of those files tested in laboratory studies. In laboratory settings, when the files 
are tested for fatigue, they always show cracks and fatigue striations. Similarly, they 
show circular abrasion marks when subjected to torsional testing. On the other hand, in 
clinical settings, this is not always true as is shown by the inconsistency of literature. 
Cheung et al. suggested that the lack of striation marks may be an underestimation of 
fatigue failure and could be due to multiple reasons 46. First, during rotational bending 
under a simultaneous compressive load, surfaces on either side of a crack may contact 
and slide over each other, leading to abrasion and obliteration of the surface topography. 
Second, the fracture surface can be masked by the influence of a corrosive agent such as 
hypochlorite. Third, the typical fatigue striations are usually seen during high-cycle 
fatigue failure (in the order of 104-107 cycles) while endodontic files fail as a result of 
low-cycle fatigue (in the order of 102-103 of cycles). Alapati et al. also reported that in the 
case of endodontic files, typical striations associated with high-cycle fatigue failure are 
not seen; rather a layered fracture pattern is present 45. 
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However, the absence of fatigue striations in clinically tested files might be due to the 
fact that there are other factors contributing to failure than fatigue. Furthermore, when 
failure occurs during root canal preparation, it occurs within the initial few seconds of 
entering the root canal. In this instance, the timeframe of contact may not allow adequate 
time for the fractured surfaces to cause abrasion. With regards to corrosion, nickel-
titanium alloy is known to be very resistant 22. When nickel-titanium files are tested in the 
laboratory under high-cycle fatigue failure and low friction, they almost always show 
striation marks indicating true fatigue failure; but in clinical situations, they often times 
do not. The main difference between the two setups is the friction factor between the file 
and the canal walls. Therefore, the friction or shear between the file and the root canal 
walls may play a more important factor, which makes the file more susceptible to failure. 
Alapati et al. examined 822 instruments and found a fracture incidence of 5.1% without 
distinguishing the type of failure. In this study, it was hypothesized that the cause of 
fracture is largely caused by a single overload incident rather than cyclic fatigue because 
the number of stress cycles during normal clinical use, or at which visible permanent 
deformation is observed, would be insufficient to cause true fatigue fracture 45. In 
agreement with this theory, Spanaki et al. reported that the fracture of nickel-titanium 
instruments is usually caused by a single overloading that causes dimple rupture during 
the preparation of root canals. This overloading can be induced by clogging of the cutting 
instrument, an abrupt change in canal curvature, or other factors that cause stress 
development during the instrumentation. The failure mechanism of a single overloading 
denotes that factors (i.e. handling parameters, root canal anatomy, instrumentation 
techniques operator experience, etc.) this may increase the stresses during 
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instrumentation and play a crucial role on the intracanal fracture of nickel-titanium 
instruments 55. 
Single use of endodontic files usually produces very low fracture rate. But because of the 
high costs of these files and the available literature, which support multiple uses of files, 
clinicians do reuse files. Arens et al. conducted a clinical study where 786 files were used 
over a 4-week period. In this study, the fracture rate was 0.89% and the deformation rate 
14.6%; all files failed due to torsion 60. Another study showed a low fracture rate of 
approximately 0.26 %. The majority of failures occurred due to torsion as well 40. 
Reference Sample Rate of Fracture Type of Fracture 
(If available) 
Spili et al. 51 5103 teeth treated by 
specialists using different 
rotary systems 
4.4 % Ni-Ti files 
0.7% SS files 
 
 
Iqbal et al. 53 4865 teeth treated by 
graduate endodontic 
residents using different 
rotary systems 
1.7% Ni-Ti files 
0.25% SS file 
 
Wolcott et al. 54 4652 teeth treated by 
specialists using ProTaper 
2.4%  
    
Sattapan et al. 39 378 discarded Quantic 





Alapati et al. 45 175 ProFile, 595 GT and 
52ProTaper files used by 
endodontic residents 




Peng et al. 50 121 ProTaper files used 
by specialists 
22.3 % Low 
magnification 
 
Shear 7% Fatigue 
93% 
 
Cheung et al. 47 121 ProTaper files used 22.3% SEM Shear 33% Fatigue 
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by specialists 67% 
 
Shen et al. 52 166 ProFile, 325 ProTaper 








Voreadi et al. 55 
46 fractured and deformed 





Shear 8.7% Fatigue 
73.9% 
Wei et al. 44 774 ProTaper used by 
specialists 
12.9% SEM Shear 3% Fatigue 
91% Combined 6% 
Shen et al. 40  1682 K3 and ProTaper 
used by specialists 
4.7% SEM ProTaper: Fatigue 
66% K3: Fatigue 
78% 
Shen et al. 59 414 defective RaCe files 
used by specialists 
6.2% SEM Shear 15% Fatigue 
85% 
Inan et al. 58 593 Mtwo discarded files 






    
Arens et al. 60 786 ProFile used by 




Of the deformed 
files, 83% due to 
shear 
Shen et al. 59 1071 ProFile, 1895 





ProTaper : majority 
due to Shear 
Table 1: Studies of nickel-titanium endodontic files fracture.  
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1.4.5. Outcome of Nickel-Titanium File Fracture: 
Because nickel-titanium technology is fairly recent and clinical trials take a long time, 
there is limited literature which evaluated the effect of rotary nickel-titanium files on the 
outcome of root canal treatment. Most of the information available is related to fractures 
of stainless steel files. Theoretically, a retained file in a canal per se is not a factor that 
could compromise the outcome since it is a biocompatible material. However, the 
retained file can block an infected canal from being disinfected properly, which may lead 
eventually to reinfection and failure. This led to the widely accepted argument that the 
ultimate outcome may depend on the stage and degree of canal preparation when fracture 
occurs, which dictates the extent to which microbial disinfection is compromised 3. If a 
file breaks in a necrotic tooth which is supposedly infected, this can reduce the outcome 
if it occurs before completion of the cleaning process. 
Some early studies showed a significant reduction of the desired outcome when files 
fracture in necrotic teeth and teeth with periapical lesions (details in reference 51). 
However, many of these studies had a very limited number of cases or did not include 
controls. A recent study, which evaluated the impact of nickel-titanium files fracture on 
the outcome was conducted by Spili et al 51. They used a case-control design of 146 teeth 
with fractured nickel-titanium and stainless steel files and 146 control cases without 
fracture. The overall healing rates were 91.8% for cases with fractured instrument and 
94.5% for matched controls. Regarding teeth with preoperative periapical lesions, the 
rates were 86.7% for cases and 92.9% for matching controls. Although there was a 
reduction of 8.8% in the outcome for teeth with fractured instruments and periapical 
lesions, it was found to be not significant. 
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It is clear that this area requires more clinical trials for better understanding the impact of 
fracture on the outcome. This is important because nickel-titanium fracture is still a 
concern amongst most clinicians 61,62, because teeth with fractured files are very difficult 
to re-treat and often times require apical surgery. 
2. Statement of the Problem. 
The use of rotary systems in root canal treatment is considered the standard in dentistry 
today. There are many systems in the market and many are under development to satisfy 
the needs of specialists and general dentists. Many improvements have been made in the 
metallurgy of Ni-Ti alloy, the instrumentation techniques and the manufacturing 
techniques; however, the problem of intracanal instrument fracture is still a problem that 
many clinicians deal with during treatment. 
The outcome of a root canal treatment may be compromised by fracture of Ni-Ti files 
inside the canal. A fractured file can block the process of disinfection of the canal, 
especially if the fracture occurs during early steps of the treatment. Attempting to retrieve 
the broken file might complicate the case and even weaken the tooth. Sometimes the 
tooth might require removal of the broken file along with the apical part of the tooth by 
performing apical surgery. This process is a burden on both the clinician and the patient. 
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3. Aim of the Study. 
The aim of this study was to evaluate the cutting efficiency and the cyclic fatigue of 
Protaper® endodontic files and EndoSequence® endodontic files when their surface 
character was modified through coating the files with two types of silanes, as “dry” 
lubricants. The first is Octadecylsilane (ODS) and the second is 3- Hepta-
fluoroisopropoxy)propylsilane (3-HEPT). 
4. Hypotheses. 
  There is no alteration of the cutting efficiency of rotary endodontic files in resin 
blocks, when their surface character is altered with low-critical-surface-tension silanes. 
  There is no alteration of the fatigue life of rotary endodontic files in glass tubes, 
when their surface character is altered with low-critical-surface-tension silanes. 
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5. Materials and Methods. 
5.1. Outline of the Study: 
 
 Figure 19: Diagram showing the outline of the study. 
 Figure 19 shows the outline of the study. It was performed in two parallel cascades. Both 
cascades are identical, with the only difference being the type of the endodontic file used. 
First, each type of endodontic files was divided into three groups, coating two groups 
with different types of silanes, and the last group was tested as received. After that, 
surface characterization of both types of silanes was performed using Fourier transform 
infrared spectroscopy (FT-IR). Second, the cutting efficiency of the files was tested using 
!!!!!! !!!!!!!!!!!!!
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epoxy resin root canal simulator, and the experiment was set up in a universal testing 
machine (Instron®). For this part of the research, twenty files were tested per group (As 
Received, 3-HEPT Coated, and ODS Coated). After that, fatigue analysis experiment was 
performed on the files. And for this part of the research, twelve files per group were 
tested in a glass tube bent to 45o (As Received, 3-HEPT Coated, and ODS Coated). 
Finally, statistical analysis of the results for all the groups was performed. 
5.2. Protaper® Endodontic Files: 
Protaper® Ni-Ti rotary files (DENTSPLY, TN, USA) were used in this study. These files 
are machined and not polished (Figure 20). The propos of using Protaper® file was to test 
the influence of surface flaws on fatigue failure. 
The size of the Protaper® file used for these experiments was F3, with a tip size of 0.3mm 
diameter, 25mm long, and 9% taper of the working part, meaning that the diameter of the 
working part of the file increases by 0.09mm per millimeter (Figure 21). The 
manufacturer did not polish the files after machining, and since the effect of silane 
coating in increasing the number of cycles to failure in a bent glass tube was established 
only with polished files in a previous study13. 
 




Figure 21: Protaper® rotary endodontic file, size F3. 
5.3. EndoSequence® Endodontic Files: 
EndoSequence® Ni-Ti rotary files (Brasseler, GA, USA) were used in this study. These 
files have coated shanks and electropolished spirals which the manufacturer claims 
eliminates surface imperfections and machining marks, which in turn may reduce 
premature failure due to crack formation63. 
EndoSequence files have standard tapers of 4% or 6% and tip sizes that range from 
0.15mm to 0.60mm and a triangular cross sectional area (Figure 22). In this project, tip 
size 30 files were used with 6% taper. 
 
Figure 22: Properties of EndoSequence® Ni-Ti rotary files1. 
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5.4. Low Friction Coatings: 
 5.4.1. Octadecyltrichlorosilane (ODS): 
Octadecyltrichlorosilane (ODS) is a silane that is composed of a group of 18 
hydrocarbons at one end and trichlorosilane (SiCl3) at the other end (Figure 23). The 
trichlorosilane end can bind covalently to the oxygen moieties on the surface of a metal 
or glass releasing hydrochloric acid (HCl) as gas. This result in a surface that is bound to 
silicon (through O-Si bond) that has a long chain of hydrocarbons extending from it. 
Therefor, the surface becomes a low friction surface with low critical surface tension. 
ODS is effectively used to coat glass vessels or metal surfaces to reduce biofilm 
formation. This coating was adopted for the purpose of reducing friction between a Ni-Ti 
file and a canal wall. ODS was supplied by Gelest, Inc. Morrisville, PA. 
 
Figure 23: Schematic showing the process of coating a metal surface with ODS film13. 
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5.4.2. (3-Hepta-fluoroisopropoxy)propylsilane (3-HEPT): 
3-HEPT is a coupling polymer that has a chain of hydrocarbons connected to a group of 
fluorocarbons at one end (C3F7) and trichlorosilane (SiCl3) at the other end (Figure 24). 
Similar to ODS, the trichlorosilane end can bind covalently to the oxygen moieties on the 
surface of a metal or glass releasing hydrochloric acid (HCl) as gas. The result is a 
surface that is bound to silicon (through O-Si bond) that is connected to fluorocarbon 
groups through a chain of hydrocarbons. Consequently, the surface becomes a low 
friction surface with low critical surface tension. 3-HEPT is also used in this research for 
the purpose of reducing the friction between the Ni-Ti file and the canal wall. Gelest, Inc. 
Morrisville, PA supplied 3-HEPT used in this research 
 




5.4.3. Coating of the Nickel Titanium (NI-Ti) Files with ODS and 3-HEPT: 
Coating of the Ni-Ti files with either ODS or 3-HEPT was performed in a similar 
manner. Before the coating layer was applied, the Ni-Ti files were cleaned by (plasma) 
glow discharge treatment (GDT). GDT is a non-destructive method of cleaning and 
scrubbing away any contamination on the surfaces of substrata utilizing plasma radiation 
under ambient temperature and low pressure64. GDT has long been known to increase the 
surface energy and wettability of surfaces64. Therefore, when Ni-Ti files were glow 
discharge treated, the coating layer could spread evenly and bind strongly and 
homogeneously on their surfaces. For GDT, the Ni-Ti files were placed directly into the 
vacuum enclosure of the GDT device (the device was made in lab) where the device was 
activated at high intensity 35MHz for 2 minutes in residual room air at 0.1-0.2 torr64,65 
(Figure 25). After the treatment, the files were removed without touching their active 
parts and quickly transferred to the coating area to avoid surface recontamination. At this 
stage, each coating solution [ODS 90+% (Gelest, Inc. Morrisville, PA) and 3-HEPT 
(Gelest, Inc. Morrisville, PA)] was poured into a glass vial and the files up to the ends of 
the shanks were placed into the vials for 1 minute (Figure 26). This procedure allowed 
enough time for the coating layer to be adsorbed on the surface of the file as it was shown 
after cleaning the files and inspecting them with infrared spectroscopy (Figures 34 and 
35). Following that, the files were transferred to an oven where they were baked at 100°C 
for 24 hours. The baking process helped bond the coating film on the surface of the file, 
by removing any residual moisture from the humidity present in air during coating. 
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Figure 25: Ni-Ti files during glow discharge treatment. 
 
Figure 26: Ni-Ti files soaked in coating solution. 
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5.5. Root Canal Simulator: 
 5.4.1. Epoxy Resin Blocks (Cutting Efficiency Test): 
Using polymers and resins as surrogate root canals in evaluating the cutting efficiency of 
endodontic files is well reported in in vitro research36,37,66. The epoxy resin used in this 
research was EpoxiCure 2, supplied by Buehler ITW, Lake Bluff, Illinois. It is a clear, 
general-purpose epoxy system with six hours curing time at room temperature when 
mixed according to manufacturer’s instructions. In this research, it was decided to use 
epoxy resin blocks that were manufactured in-lab, instead of using human teeth for the 
following reasons: 
1- The constant size and shape of the blocks made it easier to perform the experiments 
with more conformity. Which would be much more difficult to attain have we used 
natural teeth model. 
2- Relatively close hardness between the epoxy resin Vickers hardness (HV ~80) 67, and 
human dentin Vickers hardness (65.6 ± 3.9) 68,69. 
3- See-through property of the epoxy resin allowed for better visibility and judgment of 
the endodontic file while it was performing the test. 
4- Relative low-cost and short time to manufacture the blocks. 
5- The epoxy resin blocks can be easily marked and identified in order to register results 
with high accuracy. 
The epoxy was supplied as a two-container system. First container was 3.78 liters of 
epoxy resin. The second container was 0.95 liters of epoxy hardener. Manufacturer’s 
instructions for mixing at room temperature were one part hardener and five parts resin, 
mixed thoroughly and then poured into polymeric preforms that held the blocks in place. 
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The outer mold of the resin blocks was an acrylic tube with 12.7 mm (0.5 inches) external 
diameter, supplied by McMaster Carr, Princeton, NJ. The acrylic tube was cut into one-
inch segments; each segment formed the outer mold of the epoxy resin blocks (Figure 
27). A straight tube-shaped cavity with 0.4 mm (0.016 inches) diameter was made inside 
the epoxy blocks using steel pins that were supplied by Meyer gages, South Windsor, CT. 
(the pins were made of 52100 bearing steel)70. After the steel pins were placed inside the 
center of the molds, the mixed epoxy resin was poured into each mold and the pins were 
secured by a holder to keep the wire in an upright position The steel pins were pulled out 
from the blocks after the epoxy has set completely (Figure 27). 
 
Figure 27: Method of forming the epoxy resin blocks used in evaluating cutting 
efficiency. Starting from left to right showing an empty holder, acrylic blocks, steel pins 
inserted, and finally the cover, holding the steel pin in the desired position. 
 Cutting efficiency testing was performed using a universal testing machine (Instron® 
model number 5566A supplied by NVLAP lab, Norwood, MA). Load cell used was ten-
kilo newton. Software used was Bluehill® 3 by Illinois Tool Works Inc. Version 3.32. 
The machine was programed to run the test in compression method. Epoxy resin blocks 
were attached to the moving head of the Instron®, advancing at 10mm/min into an 
endodontic file rotating at 300 revolutions per minute. The file was attached to an 
endodontic hand piece (eStylusTM Electronic Motor System, Remote Display Control 
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Unit. Dentsply Professional. 901 West Oakton Street, Des Plaines, IL 60018), which in 
turn, was attached to the base of the Instron®. The hand piece was set on high torque, and 
kept in rotation as long as the epoxy resin block was advancing. The block advanced 16 
mm into the working part of the file, and the maximum load was recorded. Each file was 
tested with two blocks, giving us two readings per file. For the cutting efficiency test, 
twenty files were tested per group (As Received, 3-HEPT Coated, and ODS Coated). The 
weight of each block used in this experiment was measured and recorded before and after 
testing 
 
Figure 28: Universal testing machine (Instron®) that was used in this research. 
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Figure 29: Cutting efficiency test set up. 
5.4.2. Glass Tube Model (Cyclic Fatigue Test): 
Different designs have been used for the curved path of the file during prior- reported 
fatigue testing71. In the current research a glass tube model was used for several reasons: 
1.  It allows the direct observation and video recording of the file during rotation, up to 
fracture.  
2.  Glass tubes can be bent easily to different angles.  
3.  Glass tubes allow irrigation fluid presence in the file-wall  contact zone.  
4.  Glass is considered an inert and corrosion-resistant material, harder than Ni-Ti files 
and  SS commercial files.  
5.  Glass smooth surface eliminates complicated factors present if natural teeth  were 
used. The effect of lubrication or surface modification alone is easier to  evaluate.  
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6.  Glass is easily modified with covalently bound coatings and easily wetted  with 
aqueous lubricants.  
   The glass tubes used were ordered online from McMaster Carr, Princeton, NJ. They 
are made of clear heat-resistant borosilicate glass with operating temperature -20° to 
+446°F. They were provided in 60 cm (2 feet length), 2.4 mm wall thickness and 1.2 mm 
internal diameter. This diameter is equal to that of the shank of most endodontic files. 
The glass tubes were cut into 25 mm lengths using a glass tube cutter and then heated 
using a Bunsen burner to a workable temperature. The tubes were then bent around a 
custom-made aluminum platform to the curvatures required (Figures 30 and 31). The 
angle of curvature was measured according to the method of Pruett38. Six glass tubes with 
identical curvature were used in this experiment, with one glass tube used for each group. 
 
Figure 30: Bunsen burner and straight glass tube65. 
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Figure 31: Aluminum platform used to bend the glass tubes around its edges. 
    Cyclic fatigue analysis testing was performed using a platform that was made in the 
lab, with water running through the glass tube as coolant/lubricant. Files were introduced 
into the bent glass tube until maximum curvature of the file was 3-4 mm from the tip. 
Files were then rotated at three hundred revolutins per minute and time to fracture was 
documented, after the file was broken, number of cycles to failure (NCF) was calculated 
using this equation NCF=Time to failure (seconds) times 5. The broken parts were 
collected and their length in millimeters was recorded. Twelve files were tested per group 
(As Received, 3-HEPT Coated, and ODS Coated). The set up for the cyclic fatigue 




Figure 32: Cyclic fatigue test set up. 
 
Figure 33: Left: Close up of cyclic fatigue test set up. Right: The file after breaking 
inside the glass tube. 
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5.6. Infrared Spectroscopy: 
     Infrared spectroscopy is used to identify the type of bonds and the molecular structure 
of materials, by exciting the covalent bonds between the atoms; when the vibrational 
frequency of a molecule is equal to the frequency of radiation, then energy is absorbed 
and a peak appears at the corresponding wavelength72. Infrared spectroscopy can be used 
as transmission IR spectroscopy or attenuated total reflection (ATR) 72. In this research, 
attenuated total reflection (ATR) with the infrared (IR) spectrum in the middle range 
4000 cm-1 – 600 cm-1 was used.  
     The spectrometer used was Thermo Nicolet Avatar 360 FT-IR. Thermo Fisher 
Scientific Inc. United States. 
5.7. Scanning Electron Microscopy (fatigue area analysis): 
     Selected samples of each subgroup (ten files per group) were analyzed using scanning 
electron microscope for signs of metal abrasion in the area of fracture. The hypothesis 
was that, when the file is rotating against the glass tube, metal is abraded from the 
surface, leading to loss of the silane-coated area, and thus, leading to loss of any benefits 
the silane coating might have on the files. 
     Typical magnification ranged between 160-210 times. 
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5.8. Strain Amplitude of Ni-Ti Files: 
Maximum strain amplitude (MSA) is always expressed at the surface of the file at the 
region of maximum radius of curvature. This value is a function of the diameter of the 
file and the radius of curvature according to the following relationship41, 
ε= D/2R. Where D is the diameter of the file at the fracture point and R is the radius of 
curvature. 
The diameter at fracture was calculated by measuring the length of the fracture piece, 
which was converted to diameter based on the taper and the size of the file. The radius of 
curvature was calculated. Then, maximum strain amplitude of the average files length 




6.1. Surface Characterization: 
Endodontic files were cast into an epoxy-resin block, transvers sections were then cut 
using a Buehler Isomet® 2000 precision saw. The sections were then polished with a 
Buehler Ecomet® 250 grinder-polisher, using polishing wheels with 70µ-54µ-15µ-6µ-1µ 
diamond particle size sequentially. After that the sectioned specimens were coated with 
the same coating protocol that was used to coat the files and they’re infrared spectra were 
obtained using Thermo Nicolet Avatar 360 FT-IR. Figures 34 and 35 show the Infrared 
(IR) spectra for the coated specimens. 
 
 






























Figure 35: IR spectrum of 3-HEPT coating on NiTi file. 
To demonstrate the difference in surface finish between polished files and unpolished 
files, descriptive images were taken for the working part of the different types of files 
using a scanning electron microscope (SEM). Figures 36 and 37. 
 

































Figure 37: SEM image of the non-polished working part of Protaper® file65. 
 To demonstrate the changes that coating the files with these silanes does to their 
surface character; a water droplet was placed on the surface of the working part of 
different files with different surface treatment. The behavior of the water droplet is 
described in Figure 38. 
 
Figure 38: The behavior of distilled water droplet on the surface of Protaper® file. 
A) As Received file. B) Glow Discharge Treated file. C) Flamed File. D) ODS coated 
file. E) 3-HEPT coated File65. 
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6.2. Cutting Efficiency Test: 
This test was done by advancing a rotating endodontic file into a pre-made epoxy-resin 
block, using a low-speed motor set to three hundred rotations per minute. Weight of each 
block was measured before and after testing; the weight difference was then calculated 
and recorded. Maximum and minimum loads that the file was subjected to during testing 
were measured using a universal testing machine (Instron), and the load difference was 
calculated and recorded for each sample tested. Tested files were rotated at constant 300 
RPM and torque was set to high on eStylusTM Electronic Motor System. 
Twenty files were tested per group. Each file was used to cut two epoxy-resin blocks. 
Resulting in 40 blocks per group. 
Tables (2-14) and Figures 39-41 show the results obtained from the cutting efficiency 
testing of rotary files. 
 
                       























1 3.289 3.277 0.012 3.525 3.517 0.008 
2 3.422 3.414 0.008 3.660 3.651 0.009 
3 3.471 3.463 0.008 3.342 3.334 0.008 
4 3.622 3.614 0.008 3.244 3.239 0.005 
5 3.473 3.469 0.004 3.634 3.625 0.009 
6 3.483 3.475 0.008 3.426 3.418 0.008 
7 2.780 2.773 0.007 3.378 3.371 0.007 
8 3.468 3.462 0.006 3.313 3.306 0.007 
9 3.403 3.397 0.006 3.408 3.398 0.010 
10 3.442 3.435 0.007 3.469 3.463 0.006 
11 3.450 3.441 0.009 3.450 3.441 0.009 
12 3.448 3.437 0.011 3.444 3.434 0.010 
13 3.471 3.461 0.010 3.375 3.364 0.011 
14 3.504 3.498 0.006 3.497 3.488 0.009 
15 3.384 3.379 0.005 3.532 3.525 0.007 
16 3.446 3.438 0.008 3.399 3.392 0.007 
17 3.318 3.311 0.007 3.442 3.433 0.009 
18 3.499 3.493 0.006 3.527 3.515 0.012 
19 3.311 3.305 0.006 3.392 3.382 0.010 
20 3.468 3.461 0.007 3.235 3.227 0.008 
Test 1 Mean 0.007 Test 2 Mean 0.008 
Test 1 Standard Deviation 0.002 Test 2 Standard Deviation 0.002 
























1 3.400 3.394 0.006 3.456 3.450 0.006 
2 3.386 3.378 0.008 3.330 3.320 0.010 
3 3.205 3.200 0.005 3.511 3.500 0.011 
4 3.582 3.579 0.003 3.488 3.475 0.013 
5 3.258 3.248 0.010 3.408 3.398 0.010 
6 3.216 3.208 0.008 3.470 3.461 0.009 
7 2.989 2.984 0.005 3.372 3.365 0.007 
8 3.620 3.611 0.009 3.157 3.151 0.006 
9 3.506 3.502 0.004 3.488 3.481 0.007 
10 3.443 3.439 0.004 3.348 3.343 0.005 
11 3.492 3.482 0.010 3.358 3.346 0.012 
12 3.329 3.319 0.010 2.836 2.827 0.009 
13 3.411 3.402 0.009 3.428 3.421 0.007 
14 3.327 3.319 0.008 3.751 3.740 0.011 
15 3.385 3.376 0.009 3.122 3.110 0.012 
16 3.459 3.452 0.007 3.261 3.255 0.006 
17 3.167 3.164 0.003 3.373 3.365 0.008 
18 3.424 3.415 0.009 3.401 3.395 0.006 
19 3.347 3.341 0.006 3.536 3.530 0.006 
20 3.428 3.422 0.006 3.052 3.044 0.008 
Test 1 Mean 0.007 Test 2 Mean 0.008 
Test 1 Standard Deviation 0.002 Test 2 Standard Deviation 0.002 























1 3.305 3.298 0.007 3.458 3.449 0.009 
2 3.363 3.352 0.011 3.420 3.410 0.010 
3 3.499 3.487 0.012 3.103 3.096 0.007 
4 3.650 3.640 0.010 3.408 3.400 0.008 
5 3.347 3.335 0.012 2.945 2.936 0.009 
6 3.409 3.401 0.008 3.461 3.451 0.010 
7 3.421 3.411 0.010 3.232 3.220 0.012 
8 3.307 3.300 0.007 3.663 3.653 0.010 
9 3.428 3.417 0.011 3.483 3.475 0.008 
10 3.284 3.276 0.008 3.541 3.534 0.007 
11 3.408 3.392 0.016 3.264 3.255 0.009 
12 3.316 3.301 0.015 3.147 3.136 0.011 
13 3.188 3.179 0.009 3.535 3.517 0.018 
14 3.374 3.360 0.014 3.344 3.334 0.010 
15 3.506 3.497 0.009 3.364 3.352 0.012 
16 3.510 3.499 0.011 3.517 3.505 0.012 
17 3.279 3.266 0.013 3.328 3.319 0.009 
18 3.466 3.451 0.015 2.746 2.728 0.018 
19 3.586 3.577 0.009 3.403 3.388 0.015 
20 3.347 3.339 0.008 3.379 3.366 0.013 
Test 1 Mean 0.011 Test 2 Mean 0.011 
Test 1 Standard Deviation 0.003 Test 2 Standard Deviation 0.003 























1 2.900 2.889 0.011 2.855 2.847 0.008 
2 2.755 2.745 0.010 2.631 2.623 0.008 
3 2.776 2.768 0.008 2.931 2.919 0.012 
4 3.824 3.813 0.011 3.462 3.457 0.005 
5 2.773 2.766 0.007 2.960 2.950 0.010 
6 2.958 2.950 0.008 2.938 2.930 0.008 
7 3.419 3.411 0.008 2.869 2.854 0.015 
8 2.684 2.673 0.011 2.815 2.806 0.009 
9 3.551 3.540 0.011 2.836 2.828 0.008 
10 2.889 2.882 0.007 2.947 2.939 0.008 
11 2.844 2.834 0.010 2.873 2.865 0.008 
12 2.956 2.946 0.010 2.820 2.809 0.011 
13 2.844 2.836 0.008 2.635 2.626 0.009 
14 2.795 2.785 0.010 2.576 2.567 0.009 
15 3.095 3.087 0.008 2.948 2.938 0.010 
16 2.795 2.784 0.011 3.663 3.653 0.010 
17 2.756 2.747 0.009 2.752 2.740 0.012 
18 3.752 3.743 0.009 2.691 2.682 0.009 
19 2.725 2.715 0.010 2.788 2.779 0.009 
20 2.719 2.709 0.010 2.688 2.678 0.010 
Test 1 Mean 0.009 Test 2 Mean 0.009 
Test 1 Standard Deviation 0.001 Test 2 Standard Deviation 0.002 























1 3.680 3.673 0.007 3.224 3.216 0.008 
2 3.239 3.231 0.008 2.702 2.692 0.010 
3 3.423 3.413 0.010 3.468 3.459 0.009 
4 3.240 3.232 0.008 3.489 3.480 0.009 
5 3.441 3.432 0.009 3.341 3.331 0.010 
6 3.772 3.763 0.009 3.380 3.372 0.008 
7 3.400 3.394 0.006 3.440 3.432 0.008 
8 2.588 2.580 0.008 3.408 3.397 0.011 
9 3.356 3.348 0.008 2.955 2.946 0.009 
10 3.274 3.264 0.010 3.523 3.514 0.009 
11 3.358 3.349 0.009 3.488 3.480 0.008 
12 3.513 3.504 0.009 3.542 3.533 0.009 
13 2.817 2.806 0.011 2.620 2.611 0.009 
14 2.807 2.795 0.012 3.353 3.343 0.010 
15 3.382 3.372 0.010 3.323 3.311 0.012 
16 3.391 3.382 0.009 3.677 3.669 0.008 
17 3.511 3.503 0.008 3.511 3.499 0.012 
18 3.459 3.450 0.009 3.462 3.453 0.009 
19 3.259 3.248 0.011 3.518 3.508 0.010 
20 3.254 3.246 0.008 3.491 3.482 0.009 
Test 1 Mean 0.009 Test 2 Mean 0.009 
Test 1 Standard Deviation 0.001 Test 2 Standard Deviation 0.001 























1 3.552 3.542 0.010 3.478 3.467 0.011 
2 3.274 3.264 0.010 3.393 3.388 0.005 
3 3.524 3.513 0.011 3.393 3.383 0.010 
4 3.378 3.370 0.008 3.380 3.370 0.010 
5 3.396 3.385 0.011 3.531 3.520 0.011 
6 3.389 3.378 0.011 3.297 3.285 0.012 
7 3.337 3.325 0.012 3.491 3.481 0.010 
8 3.500 3.491 0.009 3.433 3.424 0.009 
9 3.531 3.521 0.010 3.352 3.343 0.009 
10 3.598 3.589 0.009 3.439 3.428 0.011 
11 3.369 3.359 0.010 3.416 3.405 0.011 
12 3.270 3.258 0.012 3.421 3.411 0.010 
13 3.453 3.445 0.008 3.462 3.455 0.007 
14 3.196 3.189 0.007 3.549 3.542 0.007 
15 3.440 3.431 0.009 3.546 3.537 0.009 
16 3.579 3.569 0.010 3.414 3.404 0.010 
17 3.219 3.211 0.008 3.551 3.541 0.010 
18 3.274 3.266 0.008 3.616 3.606 0.010 
19 3.397 3.388 0.009 3.258 3.249 0.009 
20 3.355 3.344 0.011 3.599 3.590 0.009 
Test 1 Mean 0.010 Test 2 Mean 0.010 
Test 1 Standard Deviation 0.001 Test 2 Standard Deviation 0.002 




Figure 40: Mean weight different of resin blocks. 
The weight difference results for Endosequence® and Protaper® were considered non-
parametric from a statistical standpoint. Kruskal-Wallis test was the preferred statistical 
testing method to demonstrate significant difference (if there was any). 
Data did not indicate significant difference between the groups in regards to the weight 
difference, Chi-Square(49) = 14.42, p = 0.38 
 
  


























Test 1 Load 
Diff (N) 
Test 1 Load 
diff rate (N/m) 
Test 2 Load 
Diff (N) 
Test 2 Load diff 
Rate (N/m) 
1 2.7 0.17 2.7 0.17 
2 3.6 0.23 2.3 0.14 
3 2.4 0.15 2.6 0.16 
4 3.1 0.19 3.9 0.24 
5 3.4 0.21 0.2 0.01 
6 2.9 0.18 3.1 0.19 
7 3.6 0.23 3.4 0.21 
8 2.8 0.18 4.2 0.26 
9 3.7 0.23 3.6 0.23 
10 4 0.25 3.3 0.21 
11 2.8 0.18 2.4 0.15 
12 2.4 0.15 2.2 0.14 
13 3 0.19 3.1 0.19 
14 4 0.25 3.9 0.24 
15 4.6 0.29 4.7 0.29 
16 4.3 0.27 4.1 0.26 
17 4.7 0.29 4.8 0.30 
18 3 0.19 2.2 0.14 
19 5 0.31 5.2 0.33 
20 4.7 0.29 4.3 0.27 
Test 1 Mean 0.22 Test 2 Mean 0.21 
Test 1 Standard Deviation 0.05 Test 2 Standard Deviation 0.07 





Test 1 Load 
Diff (N) 
Test 1 Load 
diff rate (N/m) 
Test 2 Load 
Diff (N) 
Test 2 Load 
diff Rate (N/m) 
1 1.8 0.11 1.2 0.08 
2 1.6 0.10 3.7 0.23 
3 0.4 0.03 3.8 0.24 
4 4 0.25 3 0.19 
5 2.8 0.18 4.1 0.26 
6 4.8 0.30 4.3 0.27 
7 2.8 0.18 2.7 0.17 
8 4.6 0.29 3.4 0.21 
9 1.8 0.11 3.5 0.22 
10 1.2 0.08 0.5 0.03 
11 2.2 0.14 3.6 0.23 
12 3.9 0.24 5.1 0.32 
13 4.3 0.27 1.7 0.11 
14 1.9 0.12 4.2 0.26 
15 3.4 0.21 3.3 0.21 
16 2.8 0.18 1.7 0.11 
17 0.2 0.01 3.2 0.20 
18 5.1 0.32 2.8 0.18 
19 2.2 0.14 2.5 0.16 
20 0.8 0.05 2.4 0.15 
Test 1 Mean 0.16 Test 2 Mean 0.19 
Test 1 Standard Deviation 0.09 Test 2 Standard Deviation 0.07 





Test 1 Load 
Diff (N) 
Test 1 Load 
diff rate (N/m) 
Test 2 Load 
Diff (N) 
Test 2 Load 
diff Rate (N/m) 
1 4.1 0.26 4 0.25 
2 4 0.25 4.6 0.29 
3 3.2 0.20 2.8 0.18 
4 1.7 0.11 3.8 0.24 
5 3.3 0.21 3.8 0.24 
6 0.7 0.04 3 0.19 
7 2.8 0.18 1.8 0.11 
8 1.7 0.11 3.2 0.20 
9 2.8 0.18 2.4 0.15 
10 2.5 0.16 1 0.06 
11 3 0.19 1.2 0.08 
12 3.4 0.21 3.3 0.21 
13 5 0.31 3.2 0.20 
14 3 0.19 4.7 0.29 
15 3.5 0.22 3.6 0.23 
16 3.8 0.24 2.5 0.16 
17 2.4 0.15 4.2 0.26 
18 2.8 0.18 3 0.19 
19 3.4 0.21 3.2 0.20 
20 3.8 0.24 4.3 0.27 
Test 1 Mean 0.19 Test 2 Mean 0.20 
Test 1 Standard Deviation 0.06 Test 2 Standard Deviation 0.06 





Test 1 Load 
Diff (N) 
Test 1 Load 
diff rate (N/m) 
Test 2 Load 
Diff (N) 
Test 2 Load 
diff Rate (N/m) 
1 1.0 0.06 1.5 0.09 
2 1.7 0.11 0.7 0.04 
3 0.4 0.03 1.2 0.08 
4 2.1 0.13 2.2 0.14 
5 1.9 0.12 2.0 0.13 
6 2.0 0.13 1.9 0.12 
7 2.0 0.13 2.1 0.13 
8 1.2 0.08 2.2 0.14 
9 1.2 0.08 1.4 0.09 
10 2.2 0.14 1.8 0.11 
11 1.8 0.11 2.0 0.13 
12 2.4 0.15 1.7 0.11 
13 1.5 0.09 1.6 0.10 
14 1.6 0.10 1.7 0.11 
15 1.7 0.11 1.8 0.11 
16 0.9 0.06 0.8 0.05 
17 2.3 0.14 0.7 0.04 
18 1.0 0.06 1.9 0.12 
19 2.1 0.13 0.7 0.04 
20 2.1 0.13 1.7 0.11 
Test 1 Mean 0.10 Test 2 Mean 0.10 
Test 1 Standard Deviation 0.03 Test 2 Standard Deviation 0.03 





Test 1 Load 
Diff (N) 
Test 1 Load 
diff rate (N/m) 
Test 2 Load 
Diff (N) 
Test 2 Load 
diff Rate (N/m) 
1 2 0.13 2.5 0.16 
2 2.5 0.16 2 0.13 
3 2.5 0.16 2.5 0.16 
4 1.8 0.11 2 0.13 
5 2.5 0.16 1 0.06 
6 3 0.19 3 0.19 
7 2.8 0.18 2.7 0.17 
8 2.2 0.14 2.8 0.18 
9 2.5 0.16 2.7 0.17 
10 2.8 0.18 2.6 0.16 
11 2.8 0.18 3 0.19 
12 3.2 0.20 3.5 0.22 
13 2.5 0.16 2 0.13 
14 0.7 0.04 1 0.06 
15 2.2 0.14 0.7 0.04 
16 2.2 0.14 2.3 0.14 
17 2.8 0.18 0.9 0.06 
18 2.6 0.16 2.2 0.14 
19 2.8 0.18 3.2 0.20 
20 2.7 0.17 2.8 0.18 
Test 1 Mean 0.15 Test 2 Mean 0.14 
Test 1 Standard Deviation 0.03 Test 2 Standard Deviation 0.05 





Test 1 Load 
Diff (N) 
Test 1 Load 
diff rate (N/m) 
Test 2 Load 
Diff (N) 
Test 2 Load 
diff Rate (N/m) 
1 2.5 0.16 2.3 0.14 
2 2.2 0.14 2.6 0.16 
3 2.7 0.17 2.7 0.17 
4 3 0.19 2.5 0.16 
5 1.6 0.10 2 0.13 
6 3 0.19 2.8 0.18 
7 2 0.13 2.4 0.15 
8 1.7 0.11 2 0.13 
9 2.7 0.17 2 0.13 
10 2.6 0.16 2 0.13 
11 3.2 0.20 3.2 0.20 
12 3.2 0.20 3.6 0.23 
13 2 0.13 2.2 0.14 
14 2.2 0.14 2 0.13 
15 2.7 0.17 2.5 0.16 
16 1.7 0.11 1.8 0.11 
17 0.2 0.01 1 0.06 
18 2.2 0.14 2.4 0.15 
19 2.1 0.13 2.2 0.14 
20 2.2 0.14 2.1 0.13 
Test 1 Mean 0.14 Test 2 Mean 0.14 
Test 1 Standard Deviation 0.04 Test 2 Standard Deviation 0.03 




Figure 41: Mean load difference rate of resin blocks. 
One-way ANOVA was the statistical testing method for evaluating the load difference 
results, as it fit the criteria for this particular test. 
Results indicated that there was a significant difference in the mean load difference 
between the groups F(5,14) = 20.63, p < 0.0001 
As shown in table 14, multiple comparisons using Tukey HSD and significance level of 
0.05 indicated that the load difference in endosequence® as received, was significantly 
lower than the other groups. 
 
































Table 14: Post hoc multiple comparison showing homogenous subsets for load 
difference data. 
 
6.3. Fatigue analysis: 
This test was done by rotating an endodontic file inside a glass tube bent to 45o, using a 
specific platform that was built for this procedure (Figures 32 and33). One glass tube was 
used per group, using a total of six identical tubes.  
Tables 15-20 and Figures 42-43 show the data obtained from fatigue analysis including 
number of cycles to failure and length of the broken parts of the rotary Ni-Ti endodontic 









Group Mean (N/m) Subset Subset 
endosequence® ASR 0.1   
endosequence® ODS 0.15   
endosequence® HEPT 0.14   
Protaper ® ASR 0.22   
Protaper ® ODS 0.18   
Protaper ® HEPT 0.20   
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Protaper® ASR 






1 84 420 3.3 
2 92 460 3.4 
3 93 465 3.0 
4 104 520 3.0 
5 190 950 3.1 
6 76 380 3.2 
7 120 600 3.0 
8 100 500 3.2 
9 120 600 3.1 
10 95 475 4.4 
11 120 600 4.5 
12 116 580 4.3 
Mean 109 545 3.46 
Standard Deviation 29 147 0.58 










1 183 915 3.0 
2 126 630 3.0 
3 96 480 3.2 
4 156 780 3.0 
5 101 505 3.0 
6 118 590 2.9 
7 100 500 3.1 
8 120 600 2.9 
9 100 500 3.4 
10 145 725 2.9 
11 121 605 3.4 
12 135 675 3.7 
Mean 125 625 3.13 
Standard Deviation 26 131 0.25 










1 372 1860 3.3 
2 124 620 3.2 
3 125 625 3.1 
4 134 670 3.5 
5 121 605 3.1 
6 95 475 3.2 
7 105 525 3.4 
8 180 900 3.0 
9 165 825 4.0 
10 140 700 2.9 
11 148 740 3.3 
12 150 750 3.2 
Mean 154 774 3.27 
Standard Deviation 72 362 0.28 








Broken Part (mm) 
1 75 375 3.0 
2 150 750 2.5 
3 163 815 3.7 
4 103 515 3.8 
5 178 890 4.2 
6 144 720 3.5 
7 140 700 4.0 
8 76 380 3.0 
9 120 600 4.5 
10 130 650 6.0 
11 126 630 3.9 
12 184 920 4.0 
Mean 132 662 3.84 
Standard Deviation 35 177 0.89 








Broken Part (mm) 
1 193 965 5.5 
2 130 650 5.7 
3 150 750 2.5 
4 193 965 4.5 
5 182 910 3.2 
6 324 1620 3.5 
7 144 720 3.3 
8 194.6 973 3.1 
9 180 900 3.2 
10 184 920 3.2 
11 130 650 4.0 
12 150 750 4.0 
Mean 180 898 3.81 
Standard Deviation 52 259 0.98 








Broken Part (mm) 
1 139.6 698 3.0 
2 147 735 3.8 
3 141 705 3.6 
4 154 770 3.6 
5 120 600 4.0 
6 158 790 3.8 
7 109 545 4.2 
8 146 730 4.0 
9 200 1000 3.5 
10 210 1050 3.9 
11 174 870 4.0 
12 178 890 3.2 
Mean 156 782 3.72 
Standard Deviation 30 150 0.35 




Figure 42: Mean number of cycles to failure of tested files. 





























Figure 43: Mean length of broken part of tested files. 
Results for both number of cycles to failure and length of broken part were considered 
non-parametric. Kruskal-Wallis test was the preferred statistical testing method to 
demonstrate significant difference (if there was any). 
 
- Results did not indicate a significant difference between the number of cycles to 
failure of all the groups, Chi-Square(49) = 49.33, p = 0.46 
 
- Results did not indicate a significant difference between the length of broken part 
of all the groups, Chi-Square(19) = 27.01, p = 0.1  






















6.4. Maximum Strain Amplitude: 
The mean Maximum Strain Amplitude (MSA) at fracture points ranged from 4.2-4.9% 
for all file types and conditions.  
Tables 21-28 show the data obtained from fatigue analysis and the calculated MSA for 
each file, including radius of curvature and daimeter of the broken parts of the rotary Ni-
Ti endodontic files in a 45o bent glass tube for each type of surface modification. 
Endosequence® A Received 








1 375 6.2 0.48 3.87 
2 750 6.2 0.45 3.63 
3 815 6.2 0.52 4.21 
4 515 6.2 0.53 4.26 
5 890 6.2 0.55 4.45 
6 720 6.2 0.51 4.11 
7 700 6.2 0.54 4.35 
8 380 6.2 0.48 3.87 
9 600 6.2 0.57 4.60 
10 650 6.2 0.66 5.32 
11 630 6.2 0.53 4.31 
12 920 6.2 0.54 4.35 

















1 965 6.2 0.63 5.08 
2 650 6.2 0.64 5.18 
3 750 6.2 0.45 3.63 
4 965 6.2 0.57 4.60 
5 910 6.2 0.49 3.97 
6 1620 6.2 0.51 4.11 
7 720 6.2 0.50 4.02 
8 973 6.2 0.49 3.92 
9 900 6.2 0.49 3.97 
10 920 6.2 0.49 3.97 
11 650 6.2 0.54 4.35 
12 750 6.2 0.54 4.35 





Table 22: Maximum Strain Amplitude of Endosequence® ODS. 
 
Endosequence® HEPT 








1 698 6.2 0.48 3.87 
2 735 6.2 0.53 4.26 
3 705 6.2 0.52 4.16 
4 770 6.2 0.52 4.16 
5 600 6.2 0.54 4.35 
6 790 6.2 0.53 4.26 
7 545 6.2 0.55 4.45 
8 730 6.2 0.54 4.35 
9 1000 6.2 0.51 4.11 
10 1050 6.2 0.53 4.31 
11 870 6.2 0.54 4.35 
12 890 6.2 0.49 3.97 





Table 23: Maximum Strain Amplitude of Endosequence® HEPT. 
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Protaper® As Received 








1 420 6.2 0.60 4.81 
2 460 6.2 0.61 4.89 
3 465 6.2 0.57 4.60 
4 520 6.2 0.57 4.60 
5 950 6.2 0.58 4.67 
6 380 6.2 0.59 4.74 
7 600 6.2 0.57 4.60 
8 500 6.2 0.59 4.74 
9 600 6.2 0.58 4.67 
10 475 6.2 0.70 5.61 
11 600 6.2 0.71 5.69 
12 580 6.2 0.69 5.54 





Table 24: Maximum Strain Amplitude of Protaper® As Received. 
 
Protaper® ODS 








1 915 6.2 0.57 4.60 
2 630 6.2 0.57 4.60 
3 480 6.2 0.59 4.74 
4 780 6.2 0.57 4.60 
5 505 6.2 0.57 4.60 
6 590 6.2 0.56 4.52 
7 500 6.2 0.58 4.67 
8 600 6.2 0.56 4.52 
9 500 6.2 0.61 4.89 
10 725 6.2 0.56 4.52 
11 605 6.2 0.61 4.89 
12 675 6.2 0.63 5.10 





Table 25: Maximum Strain Amplitude of Protaper® ODS. 
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Protaper® HEPT 








1 1860 6.2 0.60 4.81 
2 620 6.2 0.59 4.74 
3 625 6.2 0.58 4.67 
4 670 6.2 0.62 4.96 
5 605 6.2 0.58 4.67 
6 475 6.2 0.59 4.74 
7 525 6.2 0.61 4.89 
8 900 6.2 0.57 4.60 
9 825 6.2 0.66 5.32 
10 700 6.2 0.56 4.52 
11 740 6.2 0.60 4.81 
12 750 6.2 0.59 4.74 





Table 26: Maximum Strain Amplitude of Protaper® HEPT. 
 
Surface Condition. 
 File Type. 
As Received ODS HEPT 
Endosequence® 4.28 4.26 4.22 
Protaper® 4.93 4.69 4.79 
Table 27: Mean Maximum Strain Amplitude. 
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One-way ANOVA was the statistical method for evaluating the load difference results, as 
it fit the criteria for this particular test. 
Results indicated that there was a significant difference in the maximum strain amplitude 
between the groups F(5,6) = 10.08, p < 0.0001 
Multiple comparisons using Tukey HSD and significance level of 0.05 indicated that the 
maximum strain amplitude in Endosequence® files were significantly lower than 







Table 28: Post hoc multiple comparison showing subsets for maximum strain amplitude 
data. 
6.5. Fractography: 
Ten broken files from each group were examined using a scanning electron microscope, 
the main concern was to evaluate the broken edges of the files, where the file was in 
contact with the glass tube during testing. 
SEM images of fractured samples showed areas of metal abrasion at the area of the 
broken edges of the files. Images of representative samples of each file type are presented 
below. A possible interpretation of the flattened areas of the files on the fractured edges is 
the fact that the researcher controlled files rotation by an endo motor, which could mean 
Group Mean % Subset Subset 
endosequence® ASR 4.28   
endosequence® ODS 4.26   
endosequence® HEPT 4.22   
Protaper ® ASR 4.93   
Protaper ® ODS 4.69   
Protaper ® HEPT 4.79   
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the file rotated inside the glass tube for 20-30 cycles before stopping, and thus, rounding 
the broken sharp edges, by rubbing against the glass tube. Another interpretation is that 
the fatigue fractured areas were rubbing against the inside of the glass tube before 
breaking, leading to smooth areas where the stresses were most concentrated before final 
fracture.  
! 80!
6.5.1. Endosequence® As Recieved: 
Figures 44A-44J, show SEM images of the broken files for the group Endosequence® As 
Received. Arrows point at areas of metal abrasion. 
 




6.5.2. Endosequence® ODS: 
Figures 45A-45J, show SEM images of the broken files for the group Endosequence® 
ODS. Arrows point at areas of metal abrasion. 
  




6.5.3. Endosequence® HEPT: 
Figures 46A-46J, show SEM images of the broken files for the group Endosequence® 
HEPT. Arrows point at areas of metal abrasion. 
  




6.5.4. Protaper® As Recieved: 
Figures 47A-47J, show SEM images of the broken files for the group Protaper® As 
Received. Arrows point at areas of metal abrasion. 
  




6.5.5. Protaper® ODS: 
Figures 48A-48J, show SEM images of the broken files for the group Protaper ® ODS. 
Arrows point at areas of metal abrasion. 
  




6.5.6. Protaper® HEPT: 
Figures 49A-49J, show SEM images of the broken files for the group Protaper ® HEPT. 
Arrows point at areas of metal abrasion. 
  





One of the major challenges endodontists and general practitioners face during root canal 
treatment is intracanal instrument fracture; this can compromise the outcome of the 
treatment. The mechanism of instrument failure is not yet fully understood, due to 
multiple contributing factors that are involved in this process. Identifying these factors 
helps in understanding the mechanism of failure and, consequently, may prevent its 
occurrence and increase the success rate of root canal therapy.  
Previous research 13,65 indicated that coating files with a monomolecular layer of a special 
type of silane (ODS or 3-HEPT) improved the fatigue life of Ni-Ti files. 
The aim of this study was to determine the changes of cutting efficiency and fatigue 
behavior of endodontic files when coated with silanes; theses aspects are related to the 
friction between the Ni-Ti file and the canal walls during root canal treatment.  
The hypotheses tested were: there is no alteration of the cutting efficiency of rotary 
endodontic files in resin blocks, when their surface character is altered with low-critical-
surface-tension silanes, and there is no alteration of the fatigue life of rotary endodontic 




7.1. Surface Characterization: 
The surface properties of materials often differ from their bulk properties73. However, the 
surface is the part that interacts with the surrounding environments. Therefore, surface 
characterization of the files is a significant tool in understanding the mechanical 
behaviors under different test environments. Infrared spectra of the coated files were 
virtually unchanged (Figures 34,35,50 and 51) after the files were placed in water at 37oC 
for one week. This step was done to check whether the integrity of the coating film would 
be compromised by water. 
 
 






























Figure 51: IR spectrum of 3-HEPT coating on NiTi file, after one week in water. 
It was shown that the silane coating still remained on the file surface after being placed in 
water for seven days; this might be due to the fact that the siloxane group formed during 
the coating process were very stable and resistant to hydrolysis as Ishida reported74. On 
the other hand, even though silane coating resisted hydrolysis, it was noted that the file 
surface in contact with the glass tube during fatigue testing was flattened, exposing new 
(uncoated) surface. Since there was active irrigation during testing, it can be assumed that 
the coatings were no longer present on the tested surface. The lack of statistically 
significant difference between the different groups in this experiment can be explained by 
these assumptions. Since the test was done in a glass tube, the results of this experiment 
cannot be applied to natural teeth, due to different composition, hardness and coefficient 
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7.2. Cutting Efficiency Test: 
In this study, each file was used to prepare only 2 epoxy resin blocks, because it has been 
suggested it is impossible to ensure that files maintain optimal efficiency after continuous 
use 19,75,76. Cutting efficiency of endodontic instruments was examined by operating them 
in epoxy resin samples, as some studies discouraged testing with human teeth because of 
their variable hardness and water content 77,78. Even if clear standards for testing cutting 
effectiveness or sharpness of endodontic instruments have not yet been defined 79,80, 
according to previous reports, the use of a testing device in combination with special 
epoxy resin samples guarantee standardized experimental conditions 66, allowing direct 
comparisons of the cutting ability of different instruments 81. The use of epoxy resin 
allows for different instruments to be tested on identical samples, eliminating variations 
in hardness that may influence results; however, epoxy resin blocks do not have the same 
properties as dentin and thus does not provide clinically relevant data. Further testing is 
recommended using natural teeth or bone models with large enough sample size to 
overcome any variation in the properties of that test model. 
The results obtained indicated that there was no statistically significant difference in the 
amount of material removed from the resin blocks by the endodontic files used in this 
study.  
These results do not agree with Claudio Poggio et al 82 who found that there was a 
difference in the cutting efficiency of rotary endodontic files. They tested three different 
file systems with a different methodology, where the files were in contact with the plastic 
samples in one point only; the differences in the cross sections contacting the plastic 
piece might play a different role when it comes to cutting, as the files cut with most of 
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their surface that is in contact with the root canal. However, our results do agree with 
Alessio Rubini et al 66; they evaluated the cutting efficiency of endodontic files when 
their surface was modified with electro-polishing; they noted that electro-polished files 
did not perform differently from unpolished files when cutting efficiency was tested. 
Possible explanation of why the coated files did not perform differently from the 
uncoated files when cutting efficiency was tested is that the silane coatings were 
hypothetically a monomolecular layer on the surface of the file, with virtually no changes 
to the core properties, the cutting edge, or the cross section of the files. It is then plausible 
that these minimal modifications to the surface properties of the files did not cause 
alterations in the cutting efficiency of the files in epoxy resin blocks. Even though the 
files used in this experiment had different cross sections and taper, 6% (0.06mm/mm) for 
Endosequence® and a progressive patented taper for Protaper® (figure 52). Results 
showed that they both performed similarly in resin blocks; the cone-shaped cavity in the 
resin block left after cutting and the amount of materials removed were so close to each 
other that there was no difference detectable between the files. 
 
Figure 52: Progressive taper rate of Protaper® files83. F3 files were used in this 
experiment. 
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7.3. Fatigue analysis: 
This study was focused on evaluating the difference in fatigue life of endodontic files in a 
bent glass tube when their surfaces were modified with two different types of silanes. 
Two different types of files were used, with different degree of taper, different cross 
sections, and different surface properties (electropolished or non-electropolished). 
Because the files were significantly different, it was inapplicable to evaluate the fatigue 
life of the two types of files against each other. It was decided to evaluate the fatigue life 
of each type of files was evaluated within its respective group. 
The results obtained after fatigue analysis of the files in this study showed that there was 
no statistically significant difference in the number of cycles to failure between the HEPT 
coated files, ODS coated files, and the files that were tested as received.  
These results contradict what was found in a previous study done by Abuhaimed 13 
(figure 53). Abuhaimed found that the coated files performed significantly better when 
compared to the uncoated files p=0.03. However, when Abuhaimed tested the fatigue life 
of the coated files, it was in a dry condition and without active irrigation, debris 
generated from the file rotating against the glass tube were allowed to remain there until 
the file eventually broke; this might have influenced the testing environment, making it 
favorable for the coated files to benefit from the coatings during the test period. 
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Figure 53: Abuhaimed fatigue analysis setup 13. 
The results of this study also contradict the findings of Alnowailaty 65, (figure 54). 
Alnowailaty reported that the coated files showed significantly higher number of cycles 
to failure than the files that were tested as received p=0.001. It is worth noting that even 
though Alnowailaty tested the files in wet conditions, there was no active irrigation, and 
the generated debris were present within the glass tube until the files broke; this might 
have influenced the testing environment, making it favorable for the coated files to 
benefit from the coatings during the test period. 
 
Figure 54: Alnowailaty fatigue analysis setup 65. 
Continuous irrigation was one of the differences between this study and the previous 
studies that preceded it, (figure 32). Debris generated during the rotation of the file within 
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the glass tube were removed with the flowing irrigation. Instantaneous removal of the 
resulting debris may have caused the files to break at around the same number of 
revolutions, removing any benefit that the file might have from coatings. It is also 
possible that the surface coating would have been removed from the surface of the file 
after a few rotations inside the glass tube, eliminating any advantage to the fatigue life of 
the files by the coating that was initially on their surface. 
7.4. Maximum Strain Amplitude: 
Strain amplitudes over 1.5% may cause a metal alloy to be susceptible to high strains and 
consequently, they follow a low cyclic fatigue failure 84. This is because under such 
strains, the files will undergo phase transformation from austenite to martensite under 
tension and reverse transformation under compression with every rotation inside the root 
canal. This cyclic transformation leads to fatigue failure 47,85. In natural teeth, it is not 
uncommon to subject Ni-Ti files to strain amplitudes higher than 1.5%. Bahia et al. found 
that mesial roots of maxillary and mandibular teeth exhibited maximum strain amplitudes 
from 3.3% to 5.0% 86. They concluded that in such a situation, Ni-Ti files should be 
discarded after clinical use as a safety measure.  
The maximum strain amplitude results found in this study for EndoSequence® files 
ranged between 4.22%-4.28%. These findings agree with the study done by Abuhaimed 
13; he reported EndoSequence® broke at 4.1%. The results obtained for Protaper® files 
ranged between 4.8%-4.9%, which also agree with what Alnowailaty 65 reported for 
Protaper® that broke at 4.4%-4.8%. The difference in the maximum strain amplitude 
results between the two types of files used in this project can be attributed to the average 
diameter of the files where separation occurred as explained by the mathematical 
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equation describing maximum strain amplitude D/2R where D is the diameter at 
separation and R is the radius of curvature. It is plausible to conclude that Protaper® files 
showed higher maximum strain amplitude because both file types had the same radius of 
curvature inside the glass tube, and Protaper® broke at a higher diameter than 
Endosequence®. Maximum strain amplitude findings in this study fall within the reported 
normal range in maxillary and mandibular roots reported by Bahia86 to be between 3.3%-
5.0% 
7.5. Fractography: 
Files from all groups showed signs of fatigue failure under rotational bending (fatigue 
test) 41,43,55. At one edge of the file, an area of fatigue striations and crack propagation can 
be seen. This area extended to a certain point across the bulk of the file before failure 
occurred. The remaining area showed shallow U-shaped dimples with the open side 
directed toward the direction of crack growth.  
The fatigue area represents the time elapsed before total failure occurred, where each 
striation presumably accounts for one cycle 43. Typically, this area grows as the crack 
grows until a point where the remaining intact part of the file cannot withstand the stress 
and ultimately fails. In other words, the area of fatigue striation decreases in proportion to 
the stress the file is subjected to during rotation. High stress would fracture the file with a 
larger intact area (dimples area) and smaller fatigue area in much less time than that seen 
with low stress. Based on this, the percentage of the fatigue area to the total area or the 
length of the crack extension gives information about the severity of the stress, which the 
file encountered before failure. Nitinol alloy was shown to have the lowest fatigue-crack 
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growth resistance compared to other biomedical alloys 87. All files that were examined 
using scanning electron microscope (figures 48-53) showed the reported dimples and 
striations patterns on the break surface. The striation/dimple ratio for both types were 
comparable; this supports the fact that both Protaper® and Endosequence® files broke at 
comparable number of cycles to failure. 
Another interesting finding was that the edges of the files near the break point showed 
signs of metal abrasion or deformation. Since the silane coatings were supposed to be a 
monomolecular layer limited to the file surface, this might lead us to think that the 
coatings on the files might have been removed from the surface of the file as soon as the 
metal started to deform, thus eliminating any benefit the coatings might have on the 
fatigue life of the files. 
 
8. Conclusions. 
The data presented in this research lead to accepting the null hypothesis, indicating that 
modifying the surface properties of the Ni-Ti files did not affect their cutting efficiency 
or fatigue life. Therefore, under the conditions of the current study, the following 
conclusions can be drawn:  
• Fatigue life (number of cycles to failure) of Ni-Ti files is primarily dependent on 
the maximum strain amplitude.   
• Any factor that increases the maximum strain amplitude such as smaller radius of 
curvature (bend angle) leads to reduction in fatigue life.  
• Coating the files with low-friction coatings does not improve the fatigue life of 
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the Ni-Ti files. 
• Coating of files with low-friction coatings does not improve the cutting efficiency 
of the Ni-Ti files. 
• SEM images of fractured files showed a two-stage pattern. One is the crack 
propagation/fatigue striation area and the second is the ductile (dimples) area.   
• The fracture is most likely a result of a sudden failure resulting from the 
weakening of the remaining intact part of the file, which cannot withstand the 
tensile stresses on the file and ultimately fails.   
• SEM images of fractured files showed signs of metal abrasion around the area of 
fracture. 
• Metal abrasion around the area of fracture shows that the coatings wear off the 
file when the file is rotated against the glass tube. 
9. Future Studies. 
The current study evaluated the impact of low-friction-coatings on the cutting efficiency 
and cyclic fatigue of rotary Ni-Ti files using epoxy resin blocks and glass tubes as root 
canal surrogates. However, these conclusions are limited to laboratory settings. The 
following are some future study plans that can be performed to validate these conclusions 
and extend the result to clinical implications:  
• Evaluation of fatigue life of Ni-Ti files using cutting models such as bone or 
teeth.   
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• Evaluation of cutting efficiency of Ni-Ti files using cutting models such as bone 
or teeth.   
• Evaluation of the coating layer of Ni-Ti files (How soon after rotating an 
endodontic file in a bent glass tube does the coating  disappear? How does this 
affect the life of the file?). 
• Evaluating fatigue life of Ni-Ti files with different irrigation liquids chemistry.   
• Evaluating the effects of alteration in viscosity of irrigation liquids on cyclic 
fatigue of endodontic files. 
• Evaluation of friction between dentin and Ni-Ti files.  
10. Limitations. 
• Using a single operator throughout the research might have caused some 
discrepancy in the results due to fatigue or other factors. 
• The study was done in a laboratory setting; clinical implication can not be drawn 
from the results obtained.  
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